The free 2'-3' cis-diol at the 3'-terminus of tRNA provides a unique juxtaposition of functional groups that play critical roles during protein synthesis. The translation process involves universally conserved chemistry at almost every stage of this multi-step procedure, and the 2'-and 3'-OHs are in the immediate vicinity of chemistry at each step. The cis-diol contribution affects steps ranging from tRNA aminoacylation to peptide bond formation. The contributions have been studied in assays related to translation over a period that spans at least three decades. In this review we follow the 2'-and 3'-OHs through the steps of translation and examine the involvement of these critical functional groups.
hydroxyls well suited for coordinating associations between molecules. Hydrogen bonding patterns at the surface of molecules are commonly used to drive molecular specificity, and hydroxyl groups are often intimately involved (5) (6) (7) . Their hydrogen bonding capacity also makes hydroxyl groups useful for interactions between biomolecules and their solvents (8) . They can help to increase the hydrophilic character of a molecule and can participate in positioning specifically bound water molecules or metal ions (9, 10) . Hydroxyl groups also have the potential to act as proton donors or acceptors in general acid or general base catalytic mechanisms or other proton transfer events (11, 12) . In most cases it is the hydroxyl groups of carboxylic acids that are involved in such roles. The pK a s of other hydroxyl groups, such as those of the ribosyl cis-diol, tend to fall too far outside the physiological pH range to be good candidates for proton transfer.
The context of the ribose ring significantly affects the chemical properties of its two hydroxyl groups. The presence of the ring oxygen, an electron withdrawing group, as well as the neighboring hydroxyl group, increases the leaving group potential of each. This, in combination with the potential for intramolecular hydrogen bonds between the two hydroxyl groups, reduces their pK a s from around 16 (the pK a of ethanol) to around 12.5 and increases their chemical reactivity (13, 14) . The hydrolysis rate of an ester with a neighboring hydroxyl is 40-fold faster than one without (15) . Simply having another reactive group in a constrained position proximal to each hydroxyl can have a strong impact on reactions of those hydroxyls. For example, nucleophilic attack by the vicinal hydroxyl accounts for the greater base lability of RNA relative to DNA (16) .
The juxtaposition of hydroxyl groups also affects the sugar pucker of the ribose ring. Deoxyribose sugars of DNA generally assume a C2' endo sugar pucker, while in RNA the ribose assumes a C3' endo sugar pucker. These differences could have important implications for the placement of functional groups within the active sites of the translational enzymes.
The aminoacyl linkage
An amino acid is activated for translation by ester linkage to the 2'-or 3'-OH of the 3' terminal adenosine. These two possible regioisomeric forms are chemically similar and there is no chemical reason for one to be a better substrate than the other. However, enzymes are highly specific, so it is reasonable to expect that the ribosome, tRNA synthetases, and other translational enzymes interact exclusively with a particular isoform. Experimentation has confirmed this expectation and has demonstrated that not all translational enzymes are specific for the same regioisomer. Since sequential enzymes have different isomeric preferences, conversion between the two isoforms is required during translation.
Each isoform is readily converted to the other via a 2'/3' transacylation in aqueous solution (see figure 1 ). This is a base catalyzed process, and the energy difference between the two is very small. At equilibrium an aminoacyl tRNA exists as a mixture of the 3' and 2' isoforms at a ratio of about 2:1 (17) . If transacylation of the amino acid or nascent peptide between the 2'-and 3'-OHs is necessary during translation, the rate must be faster than the overall rate of protein synthesis, or else it would be the rate limiting step. Either the spontaneous rate of isomerization must be fast enough or one or more of the enzymes involved must actively catalyze the isomerization.
The rate of spontaneous transacylation has been investigated in several contexts. An early NMR study on formyladenosine, in which a formyl group acylated on the 3'-OH of adenosine was used to mimic an amino acid, reported a transacylation rate of 4 × 10 3 s −1 , considerably faster than the rate of amino acid incorporation during in vivo protein synthesis (∼20 s −1 ) (18). Based on this and similar reports, the spontaneous rate of transacylation was believed to be fast enough to occur at any point in the translation pathway, allowing each step to have its own preferred isoform, independent of the previous or subsequent steps. For the next two decades, this conclusion affected discussion of the regioisomeric state of tRNAs throughout translation. However, further investigation showed that the behavior of a formyl group may not accurately represent that of an amino acid. A series of NMR studies on aminoacyl adenosine and peptidyl adenosine demonstrated that the actual transacylation rate under physiological conditions was on the order of ∼5 s −1 , slower than the rate of protein synthesis (19) . Therefore, if regioisomerization of the aminoacyl or peptidyl tRNAs is required, the reaction would need to be catalyzed to keep up with protein synthesis.
Aminoacylation of tRNAs
Before the ribosome or any other translational machinery can incorporate amino acids into proteins, the amino acids must first be linked to tRNAs by aminoacyl tRNA synthetases. This step in the translation pathway accounts for much of the energy consumption as well as fidelity of protein synthesis. ATP is hydrolyzed during formation of an aminoacyl-adenylate intermediate, which is then the target of nucleophilic attack by the 2'-or 3'-OH of A76, resulting in transfer of the amino acid to the tRNA. This ATP hydrolysis is the only essential energy input for peptide bond formation, and once the aminoacyl tRNA is formed all of the energy required for peptide bond formation is contained in the ester linkage between the amino acid and the 2'-or 3'-OH.
Half of the amino acids are initially acylated on one hydroxyl, and half on the other. Aminoacyl tRNA synthetases are distributed into two evolutionarily unrelated classes, each containing 10 synthetases, based on sequence homology and three-dimensional structural similarity (20, 21) . The two classes catalyze essentially the same reactions, but are significantly different in terms of sequence motifs and active site topology. Class I synthetases acylate tRNAs exclusively at the 3'-OH, while Class II synthetases, with the exception of PheRS, acylate exclusively at the 2'-OH. Prior to designation of each synthetase as either class I or class II based on sequence and structure, individual preferences for the 2'-or 3'-OHs were determined experimentally by testing their ability to aminoacylate tRNAs where A76 was substituted by 2' deoxyadenosine (2'-dA) or 3' deoxyadenosine (3'-dA) (22) (23) (24) . The discovery that half of the amino acids were initially attached at one site, and half at the other clearly meant that if subsequent steps required one or the other isoform, then transacylation would be absolutely required, whether or not it was a catalyzed event.
The non-connective hydroxyl group has been present at the site of tRNA aminoacylation throughout the evolution of modern synthetase enzymes. It would be surprising if this potentially useful functional group had no role in the aminoacylation reaction. Although regioisomerization occurs readily, the synthetases' preferences for aminoacylation sites have been mostly maintained throughout evolution (25) . Perhaps this reflects the conserved use of the other hydroxyl group during the aminoacylation process. Although, aminoacylation of deoxyadenosine substrates indicates that in each case the non-targeted hydroxyl group is not required for activity, the other hydroxyl group is not irrelevant. Within the two classes of synthetases a great deal of mechanistic diversity has evolved for recognition of cognate tRNAs and accurate aminoacylation, and each synthetase uses the vicinal hydroxyl to a different extent. For example, structural studies of AspRS showed that the non-acylated 2'-OH group forms hydrogen bonds with a conserved active site serine and the α-amino group of the adenylated aspartate (figure 2). These interactions facilitate transfer of the amino acid to the 3'-OH and position the nucleophile hydroxyl for attack (26) . Replacing the 2'-OH with a proton results in 25-fold reduction of catalytic efficiency (27) ; mutation of hydrogen bonding partners results in 25−100 fold reduction of efficiency, with minimal effect on tRNA binding (28) . Kinetic studies on charging of other dA76-substituted tRNAs show the range of the vicinal hydroxyls' importance for different synthetases. Phenylalanyl-tRNA synthetase charges 3'dA76 tRNAPhe only 2-fold less efficiently than the wild type substrate (24) , but a 2'dA76 substitution in tRNA Ala results in a greater than 100-fold reduction in efficiency relative to wild type (29) .
The A76 hydroxyls can also participate in the aminoacyl adenylate formation, the amino acid activation step that precedes tRNA charging. In three aminoacyl tRNA synthetases, GlnRS, GluRS, and ArgRS, this reaction requires the presence of the cognate tRNA. The tRNAs are predicted to be critical components of the enzymes' active sites. Subsequent studies of GlnRS have demonstrated that this is at least partially due to the involvement of the 2'-OH. GlnRS, a class I synthetase, aminoacylates at the 2'-OH; a 2'-deoxy modification at A76 completely abolishes aminoacylation (30) . However, the 2'-deoxy substitution also results in a 10 4 -fold reduction in catalytic efficiency of the tRNA dependent adenylation of glutamine, implicating this functional group for an important role in adenylate formation (31) . Structural studies of the GlnRS/tRNA/ATP complex demonstrate that the 2'-OH interacts with the α-phosphate of ATP, but that removal of this functional group does not result in significant conformational changes in the active site. Together these data suggest that the 2'-OH promotes the glutamine adenylation reaction through positioning, and possibly activating, the α-phosphate of the ATP for attack by the incoming amino acid (31) (32) (33) .
Proofreading
tRNA synthetases are responsible for efficient and accurate attachment of the correct amino acid to its cognate tRNA. Synthetases employ different proofreading mechanisms to achieve a high level of fidelity. Non-cognate aminoacyl adenylates can be specifically hydrolyzed by synthetases, or these enzymes can use a kinetic proofreading mechanism wherein dissociation of a non-cognate aminoacyl adenylate occurs more rapidly than transfer to the tRNA. Some synthetases also specifically hydrolyze misacylated aminoacyl-tRNAs. Different synthetases (even the same synthetases from different species) utilize different discrimination strategies to varying degrees, but all synthetases achieve a high level of accuracy (34) (35) (36) . Because modifications such as 2'-dA and 3'-dA and 2' or 3' aminoadenosine can render a tRNA nonfunctional for aminoacylation or particular proofreading steps, these substrate analogues have allowed individual steps to be isolated and studied in detail.
Post-transfer editing, in which mischarged tRNAs are specifically hydrolyzed, can require the vicinal hydroxyl for efficient reaction. Early studies indicated that the non-accepting hydroxyl group of A76 is essential for the enzymatic hydrolysis of amino acids from the tRNA by several synthetases, a reaction assumed to be related to proofreading (37) (38) (39) (40) . Some synthetases that utilize a post-transfer editing strategy require acylation at a specific hydroxyl, and these requirements differ between synthetases. This is clearly demonstrated by the three closely related class I synthetases LeuRS, IleRS, and ValRS, all of which specifically acylate the 2'-OH (41), and have a separate active site for editing, distinct from the synthetic site (42, 43) . Based on activity assays of modified tRNAs as well as binding of small analogue inhibitors, IleRS deacylates only from the 3'-OH, and therefore requires transacylation of the amino acid from the 2' to the 3' position prior to hydrolysis (35, 44) . In contrast, LeuRS and ValRS hydrolyze mischarged tRNAs specifically from the 2'-OH, which is the original site of acylation (44, 45) . Alanine scanning mutagenesis of the LeuRS editing site has failed to identify catalytic residues for hydrolysis within the active site (44) . Structural studies also do not provide any obvious candidates for direct involvement in catalysis, but rather suggest that the editing site acts by rigidly positioning substrates for nucleophilic attack by water. Based on an X-ray crystal structure of LeuRS bound to an analog of a mischarged tRNA, the 3'-OH hydrogen bonds with two conserved threonines as well as a specific water molecule that sits close to the 2' ester bond and may be directly involved in hydrolysis (45) (figure 3). The importance of these interactions was further demonstrated by studies of a mutant LeuRS that is compromised for discrimination against the cognate amino acid but retained wild-type editing kinetics. In the context of this mutant active site, further mutagenesis of one of the conserved threonines eliminates editing activity (46) .
EF-Tu and accommodation
Following aminoacylation, aminoacyl tRNAs bind to elongation factor Tu (EF-Tu), which catalyzes the delivery of tRNAs to the ribosomal A site. In this process the tRNAs are matched with codons on the mRNA and positioned for acceptance of a growing peptide. EF-Tu must specifically bind aminoacyl tRNAs, independent of the amino acid, and discriminate against uncharged tRNAs. The 2'/3' ester linkage to the amino acid differentiates aa-tRNAs from uncharged tRNAs and is likely to be instrumental in recognition of aa-tRNAs by EF-Tu.
EF-Tu binding to aminoacyl-tRNAs stabilizes the 3' ester prior to arrival in the ribosomal A site. Several early studies examined binding to EF-Tu and the associated GTP hydrolysis by short oligonucleotide analogues of the 3' end of aa-tRNAs as well as full aa-tRNAs. Results from these studies indicated that both isomers of aa-tRNAs bind to EF-Tu, but the 2' isomer binds more efficiently and is better able to promote the hydrolysis of GTP than the 3' isomer (47) (48) (49) (50) (51) . These inferences, coupled with the fact that only the 3' isomer is active as a peptide acceptor in the A site (see below) lead to the hypothesis of a transacylation event in the A site following EF-Tu binding and delivery of the the 2' isomer. However, when wild-type PhetRNA Phe was bound to EF-Tu and frozen in its isomeric state by treatment with phenol and acetic anhydride, the 3' isomer was predominantly seen, in contradiction with the earlier conclusions (52) . An NMR study on 13 C labeled tRNAs bound to EF-Tu in solution suggested that EF-Tu stabilizes an orthoester intermediate between the two normally stable forms (53) . X-ray crystal structures of EF-Tu bound to aminoacyl tRNAs showed binding in the 3' configuration (54) (55) (56) . The structures showed numerous interactions stabilizing the 3' ester, including tetrahedral coordination of the α-amino group, hydrogen bonding between an EFTu arginine and the carbonyl group of the ester, and acceptance of a hydrogen bond from the 2'-OH by an EF-Tu glutamate. This hydrogen bond would be interrupted by a 2' ester and therefore energetically favors the 3' isomer. The structural data seem to indicate that EFTu is designed to force aa-tRNAs into the 3' configuration in preparation for delivery to the A site, where the 3' ester is required (see below). These data also discount the stabilization of an orthoester, and imply that while both isomeric forms may bind to EFTu, the 3' ester is the lowest energy form. A recent revisitation of the binding experiments attempted a more quantitative analysis of the relative binding of 2'dA and 3'dA substrates. This study found that neither modification has a substantial effect on overall binding of the aa-tRNA to EF-Tu, but postulates that the hydrogen bonding interaction between the 2'-OH and EF-Tu stimulates the GTPase activity that is necessary for delivery of the aa-tRNA to the ribosome (57).
Acceptor activity in the A Site
Soon after the discovery in 1957 (58,59) of tRNA as Francis Crick's postulated "adaptor molecule"(3), the field became focused on how tRNAs functioned as "adaptors" in protein synthesis. Much early biochemical work used ribosomal assays to examine tRNAs and tRNA fragments with ribose modifications of A76. A consensus emerged from these studies that the A-site substrate must have a 3'-linkage to the amino acid. The initial evidence was the observation that puromycin, in which a methyl-tyrosine is stably linked to the 3' carbon of dimethyl adenosine via an amide bond, functions as an A-site substrate, while the 2' linked version does not (60) . A number of other biochemical studies demonstrated that for a variety of ester-linked substrates, both 2' and 3' linkages allow A-site binding, but only 3' linkages allow acceptor activity (51, (61) (62) (63) . The crystal structure of the Haloarcula marismortui 50S ribosomal subunit in complex with the "Yarus inhibitor", an analog of the peptidyl transfer reaction's tetrahedral intermediate with CCdA in the P site and puromycin in the A site, suggests a hydrogen bond between the A-site 2'-OH and a conserved active site uracil (64) . This interaction is maintained in the more recent structure of individual substrates bound simultaneously (65) and probably contributes to substrate binding and positioning, and perhaps assists in maintaining the ester at the 3'-position.
The absolute requirement for a 3' ester linkage between the tRNA and the amino acid for acceptor activity has implications about the function of EF-Tu and the transition from EF-Tu bound tRNA to the active form in the A site. If the transition from the synthetases to the A site (via EF-Tu) is more rapid than the rate of transacylation in solution, then enzymatic transacylase activity would be required for the half of the tRNAs that are acylated at the 2' position. If aa-tRNAs exist in equilibrium prior to A-site binding, then the fraction that is in the 2' configuration would need to assume the 3' configuration in order to act as acceptors. In either case, some tRNAs will be in the incorrect configuration prior to EF-Tu binding. Based on NMR and EF-Tu structural data, the aatRNAs are forced into the 3' configuration when bound. The active site of the ribosome lacks space for extra waters. It is conceivable that once the end of an aa-tRNA enters the active site, the ribosome does not provide an environment conducive to transacylation. If so, to achieve the protein synthesis rates seen in vivo, it would be imperative that the incoming tRNAs are properly configured for activity prior to entering, and thus transacylation by EF-Tu is critical, regardless of transacylation rates in solution.
Translocation and donor activity in the P Site
The most fundamental question regarding peptidyl transferase is: "how does the ribosome catalyze the reaction?" This question illuminates the central purpose of the ribosome and has implications for the architecture and complexity of the full, modern translational machinery, as well as the ancient roots and evolutionary development of this critical reaction. Possibly the best opportunity for the vicinal hydroxyl to get involved is in the P site. The ester linkage to the tRNA is the object of nucleophilic attack during formation of the new peptide bond. During this step, the non-acetylated hydroxyl is directly adjacent to the center of chemistry, and is ideally situated to promote the reaction. 40 years ago participation by this hydroxyl group in peptidyl transfer was proposed based on model aminolysis reactions and theoretical grounds (66) . Recent biochemical and structural results strongly support this conclusion.
The X-ray crystal structure of the Haloarcula marsimortui 50S ribosomal subunit afforded the first opportunity to develop mechanistic models for ribosome function based on the relative locations of functional groups within the active site (64, 67) . This initially lead to a model where A2451 of the ribosomal RNA catalyzes the peptide bond formation by acting as a general base to extract a proton from the attacking amino group and then stabilizing the oxyanion of the tetrahedral intermediate. However, studies of mutant ribosomes purified from mixed populations have demonstrated that none of the rRNA residues in the active site, even those that are universally conserved including A2451, eliminates ribosome activity when mutated (68) (69) (70) (71) . This leaves few functional groups proximal to the reaction center that remain candidates for essential catalytic roles. The A76 2'-OH is one such group.
Two early studies regarding the role of the A76 ribose hydroxyls resulted in conflicting conclusions regarding the requirement for these groups in the P site tRNA. The first study tested tRNA Phe with a 2'-dA or 3'-dA substitution at A76. While the 2'-dA substituted tRNA was active as an A-site substrate (as mentioned above), neither modified tRNA was active as a donor, suggesting that both hydroxyls are required in the P site. The second study found that dA76 substituted tRNA Lys cannot support multiple turnover poly(A)-mRNA-dependent synthesis of poly(Lys), but is active as a donor when nonenzymatically loaded directly into the P-site and puromycin is used as the A-site substrate (51) . In a subsequent report, the same research group found that during translation of a poly-A mRNA, 2'dA76 tRNA Lys cannot act as a P-site substrate following acceptance of a peptide in the A site (72). They also found that N-acetylated Lys-tRNA Lys , which has no free α-amino group for A-site activity, can act as the initial P-site substrate for multiple turnover polymerization, but N-acetylated Lys-2'dA76 tRNA Lys is inactive in this assay. These data, in combination with their previous observation that a 2'-dA tRNA is active in the P site, lead them to the conclusion that the 2'-dA substitution prevents proper translocation from the A site to the P site following acceptor activity, as well as tRNA release from the P site following donor activity. These studies utilized poorly defined minimal assays, and the conclusions were mainly based on reaction endpoints rather than kinetics. Two other studies, one 25 years ago and one more recently, examined small tRNA fragments with modified A76 ribose moieties as P-site substrates. In each of these studies neither dA substrate acted as a donor, suggesting that both hydroxyl groups were essential for the activity of a single residue P-site substrate (73, 74) .
In a recent report from our group, 2'-dA and 2'-deoxy-2'-fluoroadenosine (2'-FA) substituted tRNA Lys were tested using a translation system, which proceeds at a physiologically relevant rate with rate limiting chemistry. Both 2' modified tRNAs were active as A-site substrates, but were completely inactive as P-site substrates, resulting in at least a 10 6 -fold rate reduction. A toe-printing assay demonstrated that both substrates were translocated from the A site to the P site in an EF-G dependant manner (75) . Based on this report and the collective evidence from the other related studies, it is now clear that neither A76 hydroxyl group is dispensable for donor activity. The question remains: what is the role of the vicinal hydroxyl group in the peptidyl transfer reaction? How does the ribosome catalyze peptide bond formation?
It has long been assumed that the 3'-linked regioisomer is the active peptidyl-tRNA form in the P site. This assumption followed from the deduction that the 2'-dA substrate was active in the P site, and the fact that the A-site substrate must be 3' acylated. Since neither deoxy substrate is active the biochemical data cannot rule out a transacylation event during the reaction. However, the crystal structure of the ribosome bound to CCA-pcb, a P-site substrate in which the peptidyl moiety should be free to isomerize between the 2' and 3' positions, shows the 3' isomer bound in the P site (76) . Furthermore, a tetrahedral intermediate analog in which the phosphate is connected to the 3' carbon binds in the active site, while the 2'-linked version does not (77) . These data support the assumption that the P-site substrate is acylated at the 3'-position and argue that the peptide is not transacylated to the 2'-position in the course of the reaction. Thus, once the 3'-aminoacylated tRNA is presented to the A-site, it is not required to undergo isomerization at any subsequent step of translation.
If the 2'-OH does not participate in a direct linkage to the nascent peptide, why does substitution of this functional group eliminate peptidyl transferase activity? In our report demonstrating the importance of the 2'-OH we suggested that the 10 6 rate effect of removing the 2'-OH implies a substrate-assisted catalytic role (75) , but the exact nature of this contribution has not yet been defined. One possibility is that the 2'-OH does not play an active role in the reaction, but is essential for the active site to assume an active conformation or for proper positioning of the substrates for the reaction because of important hydrogen bonding and steric interactions. The 2'-OH might be involved in proton transfer, acting either as a general base to extract a proton from the amine or as a general acid to provide a proton to the 3'-OH leaving group. Additionally, the 2'-OH could participate in a critical interaction with a catalytic metal ion. It is likely that it is not any single one of these possibilities, but a combination of several that gives the 2'-OH its importance.
X-ray crystal structures of the ribosome in complex with different substrates and intermediate mimics have provided clues about the peptidyl transferase mechanism and the involvement of the P-site vicinal hydroxyl. A recent study presented crystal structures of A-site and P-site substrates bound simultaneously (figure 4A), as well as an analog of the tetrahedral intermediate that includes the A76 2'-OH (figure 4C), providing the most complete picture of the active site to date (65, 78) . According to these structures, the 2'-OH hydrogen bonds with the α-amino group of the A-site substrate and is furthermore the only atom within hydrogen bonding distance of the α-amino group in the substrate structure. The 2'-OH is most certainly involved in aligning the nucleophile prior to reaction, however it is also noted that the 2'-OH is the only functional group positioned to act as a general base in the intermediate structure.
These results agree closely with models of the active site containing both substrates or the tetrahedral intermediate that were developed earlier by in silico combination of ribosome structures with A-site and P-site substrates bound separately (76) . The structural studies support a model of the intermediate/transition state that has S-chirality, and a 2'-OH situated immediately between the α-amino nucleophile and the O3' leaving group, poised to interact with both.
Crystal structures of the active site show that the 2'-OH is positioned for a role in proton transfer, but cannot determine if it actually participates in such a mechanism. They can, however, indicate whether the hydroxyl's local environment has other features to promote activity as a general base or general acid, by shifting its pK a downward and stabilizing the required negatively charged state. In the intermediate analog structures, a solvent molecule sitting adjacent to the A76 ribose coordinates both the O2' and the O3' as well as several ribosomal functional groups. Attempts to associate this electron density with a metal ion were unsuccessful, so it is most likely a specifically bound water molecule (78) . Coordination by a water molecule is unlikely to provide enough stabilization for the 2'-OH to assume a full negative charge at physiological pH, so the structural data argue against a role as a traditional general acid or general base. However, kinetic isotope effect and Bronsted coefficient measurements on other model reactions occurring in organic solvent suggest that in the absence of an aqueous environment the 2'-OH behaves as a general base (79) .
Comparison of the temperature dependence of the ribosomal reaction and uncatalyzed model reactions indicated that the ribosome drives peptide bond formation solely by increasing the change in entropy (ΔS) of activation (80) . This led to the conclusion that ribosomal catalysis is based only on the juxtaposition of substrates and exclusion of water from the active site, rather than any direct chemical mechanism. Molecular dynamic and free energy perturbation simulations of the ribosomal and aqueous reactions similarly suggest that an increase in ΔS is the primary thermodynamic motivation for catalysis (81) . This computational study attributes the entropy change mainly to ordered water molecules surrounding the transition state in solution that are eliminated in the pre-ordered active site of the ribosome, rather than positioning of the substrates.
In the crystal structures of the pre-reaction complex and the intermediate, the α-amino group is completely solvent inaccessible (78), yet it must release a proton for the reaction to proceed. The 2'-OH is the only nearby functional group capable of accepting a proton. Similarly, except for the bound water molecule, the O3' leaving group is only minimally exposed, but must receive a proton during the reaction. The computational and crystallographic reports both invoke a model where the 2'-OH acts as a "proton shuttle" by simultaneously accepting a proton from the nucleophile while donating a proton to the leaving group (78, 81) . This mechanism differs from traditional acid/base catalysis in that it does not require the 2'-OH to assume a net positive or negative charge, alleviating the need for a significantly shifted pK a . Furthermore, since these proton transfer functions can be assumed by readily available water molecules in the solution reaction, the proton shuttling may not have a significant contribution to the change in the enthalpic change (ΔΔH) of activation. However, since the proton transfers are required for the reaction, the 2'-OH becomes essential in the context of the ribosomal active site, and the absence of the 2'-OH results in a large ΔΔH penalty.
Translocation
Following the peptidyl transfer reaction the deacylated P-site tRNA must exit the ribosome in preparation for the next round of peptide bond formation. The 3' end of the deacylated tRNA spontaneously translocates to the E site following peptide bond formation. This is required for EF-G catalyzed translocation of the full tRNAs (82, 83) . To allow movement from one site to the next, the free energy of binding must be progressively lower for each binding site (A, P, and E), and each site must have a specific affinity for the substrates that bind there. Therefore, the ribosomal tRNA binding sites must necessarily recognize the 3' ends of the tRNAs, the site at which they differ (82) . Studies of E-site binding and translocation kinetics have shown that removal of either ribose hydroxyl group from A76 results in 10−40 fold reductions in both Esite binding and translocation rates (84) (85) (86) . The magnitudes of these effects are consistent with a direct interaction, such as hydrogen bonds, between the E site and the A76 ribose hydroxyls. However, the 2'-OH is not absolutely essential for translocation and tRNA release, as was concluded earlier(72). Lill et al. also found that aminoacylation of the tRNA, or inclusion of any other additional bulk at the 3' end reduces the affinity of the tRNA for the E site by at least 100-fold. The 2'-and 3'-OHs themselves apparently play only a minor role in promoting translocation, but must be deacylated to allow E-site binding. A structural study of tRNA mimics bound to the E site supports these conclusions. The 3'-OH of A76 hydrogen bonds with the 2'-OH of C75, stabilizing the unusual extended conformation of A76, C75, and C74 that allows significant stacking interactions between these bases and ribosomal bases of the E site. The 2'-OH of A76 hydrogen bonds to the N3 of universally conserved ribosomal base C2394 in the E site, a biochemically predicted interaction (87) . Any additional atoms on the 2'-OH would interrupt this hydrogen bond and result in steric clash with C2394. Acylation of the 3'-OH would interrupt this interaction and inhibit the E-site bound conformation.
Conclusions
The 3' end of tRNAs are at the site of chemistry at every step of translation, and no part of the tRNA is more closely associated with the reaction centers than the 3' terminal ribose. In addition to being the site of covalent attachment of the amino acids and peptides, the A76 cis-diol plays numerous roles, including an essential catalytic function in the ribosomal P site.
For the most part, tRNAs are considered to be simply the substrates for the translational reactions, carrier molecules that are subjected to the catalytic activity of the real translational machinery: tRNA synthetases, initiation and elongation factors, and of course the ribosome. Less thought has been put into considering the tRNAs themselves as active parts of the mechanism, essential components whose involvement goes back to the most ancient peptide producing assemblies. In a provocative essay, Woese condemns naïve acceptance of tRNAs as passive adaptors and calls for a reassessment of their roles, both in the modern mechanism as well as the evolution of translation (88) . Such a reevaluation seems to be underway, and important, proactive roles for tRNAs have been suggested in decoding, storage of mechanical energy, and movement through the ribosome (75, 89, 90) . The cis-diol of the 3' terminal ribose is important, even essential, at a number of steps in the translation pathway. This direct involvement should shape the way we fit tRNAs into our view of translation.
Another important consideration is the development of the ribosomal active site. RNA, while capable of catalyzing biological reactions, has a much more limited chemical repertoire than proteins, which in many cases can achieve more robust catalysis than their RNA counterparts. For this reason, most modern biological catalysis is done in protein active sites. The ribosome, with its all-RNA active site, is a notable exception. Why? The peptidyl transferase center is constrained to the available RNA repertoire, which includes phosphates, functional groups on the bases, 2'-OHs and the rare 3' terminal cis-diol. The A76 2'-OH is near the reaction center and has a specific geometrical orientation relative to the labile ester. This configuration has likely been consistent since the early days of peptidyl transfer evolution. If an RNA based peptidyl transfer center was not capable of providing adequately efficient catalysis, then evolution would have replaced the ribosome with a protein-based enzyme that could. This has not yet occurred, and the active site remains exclusively RNA, including the necessary 2'-OH.
